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Kaliocin-1 is a 31-residue peptide derived from human lactoferrin, and with antimicrobial properties that recapitulate those of its 611 amino
acid parent holoprotein. As kaliocin-1 is a cysteine-stabilized peptide, it was of interest to determine whether it contained a multidimensional
γ-core signature recently identified as common to virtually all classes of disulfide-stabilized antimicrobial peptides. Importantly, sequence and
structural analyses identified an iteration of this multidimensional antimicrobial signature in kaliocin-1. Further, the γ-core motif was found to be highly
conserved in the transferrin family of proteins across the phylogenetic spectrum. Previous studies suggested that the mechanism by which kaliocin-1
exerts anti-candidal efficacy depends on mitochondrial perturbation without cell membrane permeabilization. Interestingly, results of a yeast two-
hybrid screening analysis identified an interaction between kaliocin-1 and mitochondrial initiation factor 2 in a Saccharomyces cerevisiae model
system. Taken together, these data extend the repertoire of antimicrobial peptides that contain γ-core motifs, and suggest that the motif is conserved
within large native as well as antimicrobial peptide subcomponents of transferrin family proteins. Finally, these results substantiate the hypothesis that
antimicrobial activity associated with host defense effector proteins containing a γ-core motif may correspond to targets common to fungal
mitochondria or their bacterial ancestors.
© 2007 Elsevier B.V. All rights reserved.Keywords: Transferrin; Antimicrobial; Peptide; Protein; Structure; Kaliocin1. Introduction
Antimicrobial peptides are host defense molecules isolated
from highly divergent species of microorganisms, plants, and
animals. The occurrence of such molecules across the phyloge-
netic spectrum reflects a common necessity to defend against
microbial pathogenesis. In metazoans, these peptides are effector
molecules that represent an ancient mechanism of host innate
defense [1]. Peptide antimicrobial agents have been classified into
distinct families based on their amino-acid sequence and sec-
ondary structure [2]. Disulfide-stabilized peptides (Cys-peptides)⁎ Corresponding author. Department of Functional Biology (Microbiology),
Faculty of Medicine, University of Oviedo, C/Julián Clavería, 6, 33006 Oviedo,
Spain. Tel./fax: +34 985 103643.
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doi:10.1016/j.bbamem.2007.07.024comprise a group widely distributed in animals and plants, and
can be rapidly induced by microbial components or pathogens.
Recently, it has been demonstrated that most of the antimicrobial
Cys-peptides from phylogenetically diverse organisms exhibit a
similar, three-dimensional structure that reflects a recurring amino
acid sequence and disulfide bridge pattern, and derives from
forward or reverse amino acid sequence orientation. This
multidimensional structural signature is termed the γ-core motif
[3]. The association of this structural signature with antimicrobial
activity in known Cys-peptides predicts unforeseen antimicrobial
activity of other Cys-peptides [3]. Consequently, we hypothesized
that the γ,-core motif found in cysteine-stabilized peptides might
also be present in larger antimicrobial and Cys-containing
proteins. If so, such a relationship could point to a convergent
evolutionary mechanism that conserved the γ-core in polypep-
tides required for host defense.
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ranging from approximately 10–60 residues in length. Exam-
ples of larger proteins with antimicrobial properties are less
common, and to date there are a limited number of known
antimicrobial proteins containing intra-molecular disulfide
bridges (e.g. lysozyme, transferrins). The transferrin family of
proteins is an evolutionarily highly-conserved group of proteins
that includes homologous molecules from a broad range of
phylogenetic taxa. Unicellular algae, ascidians, echinoderms,
insects, fish, amphibians and mammals [4–7] each possess
members of this family of proteins. Transferrins are monomeric
glycoproteins, and most display a biomodal structure comprised
of two similar homologous domains called the N-lobe and C-lobe
[8–10]. Despite the significant homology in amino acid se-
quences of transferrins, they differ with respect to biochemical
properties and biological functions. In the most widely studied
transferrins – human transferrin, human lactotransferrin or
lactoferrin, and ovotransferrin – each lobe synergistically binds
a single Fe3+ cation and single HCO3
−(or CO3
2−) anion. However,
the transferrins of many insects bind one ferric ion to the N-lobe,
whereas other related proteins (i.e. saxiphilin) do not bind iron.
These distinct structure–activity profiles suggest functional
diversity within the transferrin family [9,10].
In vertebrates, serum transferrin has a well-known physio-
logical function as an iron-transport protein for delivery to cells.
Other iron-binding transferrins are involved in local iron
homeostasis and in other biological activities, such as induction
of cell proliferation, regulation of gene expression, and defense
against infection [10–13]. Such diverse biological functions
imply a multifunctional role for vertebrate-derived transferrins
in host defense and survival. Since soluble human transferrins
(serum transferrin and lactoferrin) bind iron with high affinity
(Kd ≈ 10−20 M), it is likely that ancestral antimicrobial activity
of these proteins was related to their ability to scavenge iron in
biological fluids, thus inhibiting the growth of Fe3+-requiring
microorganisms [14]. Not unlike recent discoveries of the func-
tion of hepcidins in host defense [15,16], this iron-sequestering
role appears to constitute a primary protective mechanism
in infected tissues. The antimicrobial activity for many other
transferrins and transferrin-related proteins has yet to be sub-
stantiated, and in some cases, their possible defensive role
against microorganisms has been inferred from the fact that
elevated transferrin levels are detected during infection [4,7].
However, emerging evidence points to the possibility of alter-
native direct effects on microorganisms as the mechanism of
antimicrobial activity of these proteins [13].
Recently, a new human lactoferrin-derived peptide (31
residues), named kaliocin-1, was reported to retain antimicro-
bial activity of the complete lactoferrin molecule (611 aa) under
similar experimental conditions [17]. The amino acid sequence
of kaliocin-1 corresponds to a homologous sequence (residues
153–183), which includes two cysteine disulfide bridges, loca-
ted at the molecular surface of human lactoferrin. Transferrins
typically consist of two homologous lobes (N- and C-terminal);
a similar sequence to kaliocin-1 exists in the C-terminal lobe of
human lactotransferrin. In a preliminary analysis, the kaliocin-1
sequence displayed a consensus pattern, including a CXGmotif,similar to that identified in the γ-core of the antimicrobial Cys-
peptides [18]. The presence of this consensus pattern and the
antimicrobial activity of kaliocin-1 and lactoferrin suggest that a
multidimensional γ-core motif like that described for disulfide-
stabilized host defense polypeptides contributes to antimicro-
bial activity of kaliocin-1 as well. In the present study, a
proteomic analysis of structural patterns was performed to
assess the presence of γ-core signatures in lactoferrin and other
transferrins from diverse phylogenetic groups. The finding that
iterations of the γ-core motif exist in members of the transferrin
family of proteins is the first description of this structural
signature in innate host defense molecules originating from
precursors larger than kinocidins [2,19]. This discovery further
suggests that specific regions in kaliocin-1 that contain a γ-core
motif may be principally involved in antimicrobial activity of
transferrins.
2. Methods
2.1. Multiple sequence alignment analysis
Protein sequences of 160 transferrins and transferrin-like proteins belonging
to phylogenetically diverse organisms were available through the ExPASy
Proteomics Server (http://www.expasy.org/sprot) and from GenBank (http://
www.ncbi.nlm.nih.gov) (databases March 20, 2007). For Ciona intestinalis
(Ascidiacea) the amino acid sequence was obtained by translation from the
DNA sequence (GenBank accession code: AK113446). Transferrin amino acid
sequences were screened for conserved residues and motifs related to the
kaliocin-1 sequence (NH2-FFSASCVPGADKGQFPNLCRLCAGTGENKCA-
COOH) of the human lactotransferrin N-lobe [20] by multiple sequence
alignment (SequentiX Multicolor Alignment Editor, SequentiX, Germany). The
alignment was further reduced to a set of 100 sequence entries representing non-
redundant sequence motifs in the N- and C-lobes. This initial alignment
contained 157 and 132 kaliocin-1 sequences from the N-lobe (or lobes 1 and 3 of
Pacifastacus leniusculus) and C-lobe (or lobe 2 of P. leniusculus), respectively.
This comparison of the N- and C-terminal kaliocin-1 sequences allowed for a
discrimination of 20 sequence groups, reflecting the phylogenetic origin of the
sequences. From each group, a prototypic sequence was further investigated.
The selected molecular sequences (accession code) were: Chlamydomonas
transferrin (ABD66578); Dunaliella salina Ttf-1 (T10729); Strongylocentrotus
purpuratus melanotransferrin-like (XP_786179); Pseudocentrotus depressus
vitellogenin (AAK57983); pacifastin heavy chain (P91775); Anopheles
gambiae ENSANGP00000010836 (EAA10369); Aedes aegypti transferrin
(Q16894); Halocynthia roretzi transferrin (Q9GND9); Gadus morhua sero-
transferrin (Q92079); Carassius auratus gibelio transferrin (Q90WL8); Rana
catesbeiana saxiphilin (P31226); Anolis sagrei transferrin (CAK18225); Anas
platyrhinchos ovotransferrin (P56410); Oryctolagus cuniculus transferrin
(P19134); Oryctolagus cuniculus melanotransferrin (O97490); Bos taurus
lactotransferrin (P24627); Mus musculus transferrin (BAB23762); and human
lactotransferrin (P02788). The remaining sequences were compared with respect
to the occurrence of conserved amino acid residues and motifs, as well as percent
identities. For these analyses the N-lobe and the C-lobe kaliocin-1 sequence
motifs were investigated separately.
2.2. Computational modeling
A three-dimensional model of kaliocin-1 was generated by homology
modeling (Phyre; 3D-PSSM folding server; [21]). In brief, this method aligns a
test sequence to one or more template structures with known structures as
determined by crystallization/X-ray diffraction, or NMR spectrometry. This
method allows for the identification of homology based on PSI-BLAST
alignments in combination with a profile–profile matching algorithm [21] which
adjusts for secondary structure alignments. Along with human lactoferrin, non-
self identifying (i.e., non-sequence identify) comparator templates with greatest
Fig. 1. Multiple sequence alignment of transferrin family proteins. Alignment of kaliocin-1 regions in the N- and C-terminal lobe of transferrin and transferrin-like amino acid sequences. In the three bottom rows a strict
consensus sequence, a majority rule consensus sequence and the conserved sequence motifs are given. Amino acid positions that are absolutely conserved are shown in white letters on black background and those with
a moderate to high conservation status are shown with a grey background. The numbers (1–4) mark the position of highly conserved cysteine residues in each lobe (see Results). (⁎) The sequences aligned in the N- and
C-lobes correspond to lobes 1 and 2, and lobe 3 of pacifastin, respectively.
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2865N.Y. Yount et al. / Biochimica et Biophysica Acta 1768 (2007) 2862–2872homology to the target kaliocin-1 sequence were goat lactoferrin (Capra hircus;
71% sequence identify; E-value, 0.0048; PDB code: 1jw1), camel lactoferrin
(Camelus dromedaries; 77% sequence identify; E-value, 0.0051; PDB code:
1dtz), and buffalo lactoferrin (Bubalus bubalis; 68% sequence identity; E-value,
0.0065; PDB code: 1ce2). These structures each had≥95% precision and served
as controls for homology modeling of kaliocin-1.
2.3. Consurf analysis
Sequence conservation based on the degree of sequence identity between the
test sequence (kaliocin-1) and nearest sequence neighbors was assessed using
Consurf ([22,23]; PSI-BLAST default cutoffE-value=0.001). Sequences identified
for Consurf analysis were (Genus species, common name protein name, Swiss-Prot
accession number): Camelus dromedarius, camel lactotransferrin, Q9TUM0;Mus
musculus, mouse lactotransferrin, P08071; Equus caballus, horse lactotransferrin,
O77811; Bubalus bubalis, buffalo lactotransferrin, O77698; Bos taurus, cow
lactotransferrin, P24627; Bos taurus, cow serotransferrin, Q29443; Capra hircus,
goat lactotransferrin, Q29477; Sus scrofa, pig lactotransferrin, P14632; Sus scrofa,
pig inhibitor of carbonic anhydrase, Q29545;Equus caballus, horse serotransferrin,
P27425; Sus scrofa, pig serotransferrin, P09571. Sequences are colored according
to their degree of conservation amongst these homologous sequences with score
corresponding to least conserved to most conserved.
2.4. Identification of kaliocin-1 protein binding partners
The yeast-two hybrid (Y2H) screen was performed by Hybrigenics, S.A.,
Paris, France.
2.4.1. Bait cloning
The fragment 514–606 from human lactoferrin was PCR-amplified and
cloned in a Y2H vector by standard methods. The bait construct was verified by
sequencing the entire insert, and subsequently transformed into the L40GAL4
yeast strain [24].Fig. 2. Structure model of kaliocin-1. A structure model of Kaliocin-1 was generate
shown: (A) spectral coloration (blue: N-terminus; red C-terminus) with side chains;
sequence (red). (For interpretation of the references to colour in this figure legend,2.4.2. Y2H screening
A Saccharomyces cerevisiae genomic library, transformed into the Y187
yeast strain and containing 5.5×106 independent fragments, was used for
mating. High mating efficiency was obtained using a stringent mating method
[25–27]. The screen was first performed on a small scale to adapt the selective
pressure to the intrinsic property of the bait, and ensure that neither toxicity nor
auto-activation of the bait was observed. The full-scale screen was then
performed in conditions ensuring five times the primary complexity of the yeast-
transformed library [28]; thus, approximately 1.3×108 interactions were tested.
After selection on auxotrophic medium (lacking leucine, tryptophan, histidine),
60 positive clones were selected, and corresponding prey fragments amplified
by PCR and sequenced at their 5′ and 3′ junctions. Sequences were then
compared to the Sanger database using BLASTN [29]. A Predicted Biological
Score (PBS) was attributed to assess the reliability of each interaction, as
described previously [30]. Results were interpreted using standard measures of
local score (redundancy and distribution) and global score (comparison with
other databases; e.g. Hybrigenics, S.A. [Paris, France]). In addition, potential
false-positives are flagged by a specific “E” PBS score. This control is achieved
by discriminating prey proteins containing “highly connected” domains,
previously found several times in screens. The PBS scores have been shown
to positively correlate with the biological significance of interactions [28,31].3. Results
3.1. Iteration of the γ-core motif in kaliocin-1
A recent multidimensional analysis revealed a unifying
structural signature common to virtually all classes of cysteine
stabilized antimicrobial peptides [3]. As kaliocin-1 is a novel
cysteine-stabilized antimicrobial peptide, it was of interest to
determine whether it also contained a γ-core sequence motifd using a Phyre based fold-recognition algorithm. Three coloration schema are
(B) hydrophobic (gray) versus hydrophilic (purple) coloration; and (C) γ-core
the reader is referred to the web version of this article.)
2866 N.Y. Yount et al. / Biochimica et Biophysica Acta 1768 (2007) 2862–2872like that of antimicrobial peptides or kinocidins [19]. Notably, at
the sequence level it was found that kaliocin-1 contains an
iterative form of the γ-core sequence. The kaliocin-1 sequence
is derived from the N-terminal lobe of human lactoferrin.
However, members of the transferrin family of proteins are
comprised of two homologous domains that arose from a
genetic duplication event [9]. For example, kaliocin-2 corre-
sponds to a sequence highly similar to that of kaliocin-1, but
maps to the C-lobe of human lactotransferrin (NH2-YFSQS-
CAPGSDPRSNLCALCIGDEQGENKCV-COOH) [17]. The
sequences of kaliocin-1 and kaliocin-2 displayed a levomeric
formula similar that previously observed in other Cys-stabilized
antimicrobial peptides (3):
NH2···[C]-[X3–9]-[CXG]-[X1–3]···COOH
levomeric γ-core formula [3]
NH2···[C]-[X2]-[CXG]-[X5]···COOH
levomeric γ-core iteration in kaliocin-1
NH2···[C]-[X2]-[CXG]-[X7]···COOH
levomeric γ-core iteration in kaliocin-2
To asses whether a kaliocin-1 like sequence was also present
in the corresponding N- and C-lobes of other members of the
transferrin family, an alignment with the homologous regions ofFig. 3. Electrostatic properties of kaliocin-1. Surface model for kaliocin-1 was calcula
white — uncharged; blue — positive. (For interpretation of the references to colourtransferrin proteins from evolutionarily distant organisms was
carried out (Fig. 1). A comparison of N- and C-terminal of
kaliocin-1 sequences showed that, for both lobes, four cysteine
residues are highly conserved at homologous positions (num-
bered positions in Fig. 1); two of these residues are integral to the
γ-core motif. The γ-core iterations present in each lobe adhere to
the specific motif sequence formulae of disulfide-stabilized
antimicrobial polypeptides. However, it is notable that these
putative γ-core motifs in N- and C-terminal lobes of transferrin
family proteins are not identical:
NH2···[C]-[X2]-[CXG]-[X1–7]···COOH
levomeric γ-core formula (N-lobe)
NH2···[C]-[X2]-[CXG]-[X3–14]···COOH
levomeric γ-core formula (C-lobe)
Interestingly, similar iterations on the γ-core formulae have
been identified in other host defense effector polypeptides,
including antimicrobial kinocidins [19]. Thus, the γ-core
iteration sequence for the lactoferrin and transferrin family
proteins corresponds to the levomeric formula previously
described [3], and exhibits key characteristics: (i) a sequence
length ranging from 8 to 21 amino acids; (ii) a conserved CXG
motif within the kaliocin isoforms; (iii) two amino acids
interposing the initial C and subsequent CXG elements of theted using Protein Explorer [40]. Coloration schema is as follows: red— negative;
in this figure legend, the reader is referred to the web version of this article.)
2867N.Y. Yount et al. / Biochimica et Biophysica Acta 1768 (2007) 2862–2872motif; and (iv) involvement of two cysteine residues in an intra-
core disulfide linkage.
3.2. Predicted structure model of kaliocin-1
The multidimensional γ-core signature consists of sequence
and structural elements distributed in a hallmark pattern in
3-dimensional space. At the structural level, the γ-core motif
is typically characterized by the presence of a β-hairpin
including a β-bulge region [32]. To assess whether kaliocin-1
contained these structural components, molecular modeling
analyses were carried out to generate a predictive model of
kaliocin-1 secondary structure. For this analysis, human
lactoferrin was identified as the template for 3-dimensional
modeling. Several physicochemical features of the predicted 3-
dimensional structure of kaliocin-1 were homologous to those
in cysteine-stabilized antimicrobial peptides. The molecule
appears to consist of two distinct regions: an anti-parallel β-
sheet like core, and an extended region that is relatively
unstructured (Fig. 2). The portion of the molecule containing
the γ-core-like domain is moderately hydrophobic, has a net
cationic charge of +1 (estimated at pH 7.0), and is
approximately 17–18 residues in length (Figs. 2 and 3).
There are two predicted internal disulfides that stabilize the
putative kaliocin-1 γ-core. From these perspectives, theFig. 4. Consurf analysis of kaliocin-1. Sequences are colored according to their degre
aqua); average (5 — white); most conserved (9 — burgundy). (For interpretation o
version of this article.)predicted overall fold of kaliocin-1 is consistent with that of
many γ-core containing antimicrobial peptides.
3.3. Conservation of the kaliocin-1 γ-core motif
The conservation of specific amino acid residues cor-
responding to the kaliocin-1 sequence was assessed to estimate
the evolutionary stability of its γ-core motif (Figs. 1 and 4).
These techniques revealed strong conservation of the hallmark
C and G residues comprising the CXG motif in this signature
motif. In kaliocin-1, an alanine residue interposes these amino
acids, not unlike that observed in antimicrobial peptides
containing a γ-core motif.
3.4. Multiple sequence alignment and phylogenetic analysis of
transferrin proteins
To assess the relative conservation of the kaliocin-1 sequence
region in comparison to the transferrin protein family as a whole,
a multiple sequence alignment of the kaliocin-1 N- and C-lobe
domains was carried out (Table 1). Kaliocin-1, a sequence
derived from the N-lobe of human lactoferrin, was most similar
to the homologous N-lobe domain from other mammals. The
level of identity ranged from 97% (chimpanzee) to 68%
(bovine). In a similar fashion, the corresponding domain in thee of conservation amongst comparator protein sequences: least conserved ( (1—
f the references to colour in this figure legend, the reader is referred to the web
Table 2
Comparison of similarity minima and maxima in the N-terminal and C-terminal
kaliocin regions of transferrin molecules originating from diverse taxonomic
groups
Host phylogeny N-terminal
lobe
C-terminal
lobe
Both lobes
Min. Max. Min. Max. Min. Max.
% % % % % %
Mammals 32 100 32 100 35 99
Fish 44 96 29 97 37 97
Archosauria 38 97 34 91 37 93
Aves 47 97 34 91 41 93
Lepidosauria 69 89 61 78 66 77
Amphibia 39 86 66 80 54 83
Urochordata and Ascidiacea 26 – a – 26 –
Arthropods 12 90 21 95 12 92
Insects 17 90 21 95 19 92
Insects-2 b 41 90 21 95 32 92
a Halocynthia roretzi (Q9GND9) has no C-terminal kaliocin-1-region.
b Two abnormal sequences (AAF49900 andEAA10369) not included in analysis.
Table 1
Comparison of sequence identity between kaliocin-1 (N-terminal) and-2 (C-terminal) lobes among transferrin family proteins
Source/molecule Percent identity (amino acid residue)
Accession number/species/common name N-terminal lobe C-terminal lobe N-terminus vs.
(Kaliocin-1N) a (Kaliocin-1C) a C-terminus b
Lactoferrins
P02788 Homo sapiens Human 100 100 54.6
XM_001150238 Pan troglodytes Chimpanzee 96.8 100 51.5
Q9TUM0 Camelus dromedarius Camel 77.4 77.4 48.5
O77698 Bubalus bubalis Buffalo 67.7 74.2 42.4
P24627 Bos taurus Cow 67.7 74.2 42.4
Q29477 Capra hircus Goat 71.0 74.2 45.5
XP_023835 Canis familiaris Dog 80.7 80.7 51.5
Transferrins
P02787 Homo sapiens Human 54.8 51.6 41.9
XR_023835 Pan troglodytes Chimpanzee 32.3 51.6 22.6
P27425 Equus caballus Horse 61.3 43.8 32.4
P09571 Sus scrofa Pig 64.5 50.0 26.5
XP_864515 Canis familiaris Dog 61.3 56.3 29.4
Q921I1 Mus musculus Mouse 58.1 51.6 35.5
P31226 Rana catesbeiana Frog 48.4 55.9 38.2
P79815 Oncorhynchus kisutch Salmon 45.2 40.0 31.4
Others
P08582 Melanotransferrin Homo sapiens Human 47.1 55.9 44.1
P02789 Ovotransferrin Gallus gallus Chicken 56.3 56.3 34.4
Q92062 Melanotransferrin Gallus gallus Chicken 50.0 50.0 58.8
Q6A168 Fe-binding protein Struthio camelus Ostrich 56.3 54.8 32.3
Q6A169 Fe-binding Protein Chrysemys scripta Turtle 53.1 41.9 37.5
Q501K5 Lactotransferrin Xenopus tropicalis Frog 59.4 54.3 28.6
Q9DFK5, Q9DFK6c Serotransferrin Gillichthys mirabilis Goby 51.6 35.3 29.4
P91775 Pacifastin Pacifastacus leniusculus Crayfish 24.4 41.5 19.1
a All sequences were compared with corresponding regions of human lactotransferrin (P02788).
b Compares N-terminal and C-terminal kaliocin sequences with one another.
c Q9DFK5 corresponds to the N-terminal lobe, and Q9DFK6 to the C-terminal lobe.
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mammalian lactoferrin sequences. When kaliocin-1 and-2 were
compared with the related family of transferrin proteins, iden-
tities were significantly lower. Notably, while identity with most
mammalian transferrin sequences ranged from 50 to 60%,
identity with the N-lobe region of the chimpanzee was a mere
32%. A similar degree of divergence was observed in compar-
ison with other transferrin family proteins such as mammalian
melanotransferrin, avian ovotransferrin and amphibian lacto-
transferrin, where identities range from 42 to 59%. The lowest
measured identity (24%) was observed between the N-lobe of
pacifastin, a transferrin-like protein isolated from the crayfish. It
should be noted that, while this overall region of transferrin
family proteins is not highly conserved, the [C]-[X2]-[CXG]
residues of the γ-core motif are conserved nearly absolutely
across all members of the transferrin family (Fig. 1).
In addition to the above comparisons, within class identities
were also carried out (Table 2). For mammals, a minimal iden-
tity (32%) in the N-lobe was observed between the melano-
transferrin sequence of Mus musculus (Q9R0R1) and the
serotransferrin of Sus scrofa (P09571) and the inhibitor of
carbonic anhydrase of Sus scrofa (Q29545), respectively. The
maximal identity (100%) corresponded to two sequences be-longing to the N-lobe of lactoferrin of Bos taurus (P24627 and
CAA40366). For the C-lobe, the serotransferrin of Marmota
monax (AAP37129) showed the lowest similarity (32%) to the
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kaliocin-1 related sequences from lactoferrin of Bubalus bubalis
(O77698) and Bos taurus (P24627) were identical. The simul-
taneous comparison of both lobes showed a minimal similarity
(34%) for the serotransferrin of Sus scrofa (P09571) and the
melanotransferrin of Mus musculus (Q9R0R1). The highest
similarities (99%) were observed between the serotransferrin of
Oryctolagus cuniculus (P19134) and the serotransferrin of
Macaca fascicularis (BAE87521), and between the sero-
transferrin of Macaca fascicularis (BAE87521) and the
serotransferrin of Homo sapiens (P02788). Table 1 shows the
percent identities between the taxonomic groups as obtained
from the complete alignment (160 sequences).
To further assess the evolutionary conservation of kaliocin-1
a phylogenetic analysis of the transferrin family of proteins was
conducted (Fig. 5). As expected, human kaliocin-1 and
lactoferrin were most similar to primate and other mammalian
lactoferrin sequences. The next most closely related group of
sequences were those of mammalian transferrins. These data
suggest that the lactoferrin and transferrin genes underwent a
duplication event prior to the speciation of mammals. The next
most closely related group were transferrins from teleost fishes.
More distantly related were the egg ovotransferrin proteins ofFig. 5. Phylogenetic analysis of transferrin family proteins. Phylogenetic analysis
BLASTP [29] through the NCBI website. The alignment matrix was BLOSUM62
relatedness and tree construction was calculated using the Kimura Fast Minimum EAves, as well as invertebrate transferrin-like proteins. Interest-
ingly, conservation of the kaliocin-2 sequence in the C-terminal
lobe is even greater than that of the N-lobe. Overall, these data
demonstrate a high degree of identity suggesting a functional
conservation of kaliocin-1 and-2 sequences across an evolu-
tionary timespan.
3.5. Interactions of kaliocin-1 in a yeast two hybrid system
To evaluate possible target/s of kaliocin-1, a yeast two-
hybrid screen was performed. Eight clones representing protein
interactions with significant confidence levels were detected,
three of which corresponded to mitochondrial initiation factor-2
(MIF-2). The other five clones correspond to a putative 317
amino acid protein (YCR015C) of unknown function in yeast.
Studies to assess the biological relevance of these predicted
interactions are ongoing.
4. Discussion
Kaliocin-1 is a 31-amino acid and disulfide-stabilized frag-
ment derived from human lactoferrin. It has potent microbicidal
efficacy against bacteria and fungi under conditions tested inof 44 transferrin-family proteins. Sequence alignments were carried out using
matrix, with gap penalties of 11 (existence) and 1 (extension). Phylogenetic
volution method.
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fragment recapitulates the activity observed for holo-lactoferrin.
As lactoferrin is a protein which binds iron with great avidity,
initial interpretations suggested that its antimicrobial efficacy
was due to depriving microbial organisms of soluble Fe3+.
However, the observation that kaliocin-1 retains the antimicro-
bial activity of lactoferrin, yet does not sequester Fe3+, was
compatible with an alternate mechanism of action. Therefore,
we hypothesized that kaliocin-1 contained a γ-core motif dis-
covered previously to be a hallmark signature within cysteine-
stabilized antimicrobial peptides [3,20]. The present investiga-
tion employed sequence- and structure-based bioinformatic
analyses to assess a potential γ-core motif in kaliocin-1, and
compare it with those of conventional cysteine-stabilized anti-
microbial peptides.
Computational modeling and analysis of the predicted 3-
dimensional structure of kaliocin-1 revealed features highly
congruent with the γ-core signature motif recently found in
virtually all classes of disulfide-stabilized antimicrobial pep-
tides [3]. Kaliocin-1 appears to contain a levomeric iteration of
the γ-core sequence formula. In such an orientation, the CXG
element of the motif is coded N- to C-terminal in the amino acid
sequence. Of note, antimicrobial peptides possessing levomeric
γ-core signatures are predominantly found in invertebrates and
other phylogenetically ancient organisms. The fact that
kaliocin-1 is a peptide fragment of a lactoferrin protein found
in mammals may shed new light on the potential integration of
iron binding and antimicrobial activity as retained in these
proteins over an evolutionary timespan.
It is also intriguing to consider striking similarities and
putative homologies between kaliocin-1 and several Rana-box
antimicrobial peptides from amphibians [20]. To date, only one
of these peptides, gaegurin-4, has been structurally characterized
[33]. Although primarily α-helical, this peptide adopts a
disulfide-stabilized turn motif in the C-terminal Rana-box
region of the peptides. Notably, it is the disulfide-stabilized
domain in gaegurin-4 that shares significant identity with
kaliocin-1.
Several physicochemical features are conserved in antimi-
crobial peptides that contain the γ-core motif, including net
cationic charge, hydrophobic/hydrophilic segregation, and
modular architecture [3]. It is noteworthy that the structural
model of kaliocin-1 shares many of these same features. For
example, the putative 3-dimensional conformation of kaliocin-1
segregates strongly hydrophobic residues (e.g., aromatics) on
one facet of the molecule (Fig. 2). Furthermore, as in γ-core
antimicrobial peptides, kaliocin-1 has a net cationic charge.
Consurf analyses suggest that these attributes are the most
conserved elements in kaliocin-1. It is also important to recog-
nize that the γ-core iteration present in kaliocin-1 varies from
iterations present in classic antimicrobial peptides. However,
recent discoveries have demonstrated that larger antimicrobial
proteins, such as kinocidins (microbicidal chemokines), contain
iterations of the γ-core motif that encompass the sequence
pattern identified in kaliocin-1 [2,19]. There may be multiple
biological role(s) of the γ-core motif. For example, it is possible
that the 3-dimensional topology of the motif facilitates and/orspecifies interactions with membrane targets. Similarly, the
motif may optimize distribution of specific amino acid regions in
3-dimensional space, thus creating functional domains in
polytopic proteins. In these respects, we have reported the
predicted impact of amino acid substitution in γ-core on
antimicrobial activity of the kinocidin, platelet factor-4 [34].
Likewise, based on our prior reports, others have assessed the
impact of amino acid substitution in the γ-core region of
defensin HNP-2 [32]. Aside from direct antimicrobial functions,
the motif may also represent an optimal way to package or
process host defense polypeptides for storage, deployment, or
processing as they are activated in host defense. Thus, while
removal of cysteine bridges may not abrogate antimicrobial
activity of tachyplesin [35], whether this theme holds true for
other host defense peptides has yet to be determined. We are
investigating such topics in studies beyond the scope of this
paper.
It will be interesting to determine if other transferrin family
proteins bearing a γ-core motif exhibit predicted antimicrobial
activity. If so, the definition of antimicrobial agents may best be
expanded to include this family of serum and other tissue
proteins. In this case, the transferrin family proteins could be an
excellent model to correlate the structural features of γ-core
motifs with antimicrobial activity, thus providing insight into
adaptive functionality of this archetypal structure. To date, the
vast majority of antimicrobial peptides characterized have 60
amino acids or less, with relatively few examples of proteins of
more than 100 residues with antimicrobial activity. Often, when
antimicrobial activity has been ascribed to larger proteins it has
been a secondary activity revealed as an unexpected experi-
mental outcome. With the burgeoning awareness of the
multifunctionality of many proteins, and the phenomenon of
proteolytic processing events leading to the generation of novel
functional fragments, it is likely that more examples of occult
antimicrobial activity will be revealed. The use of computa-
tional analyses such as searching for γ-core like domains within
larger proteins will likely facilitate this process, as it did for the
discovery of unpredicted antimicrobial activity in smaller
proteins such as toxins and sweeteners [3].
Interaction with MIF-2 (required for normal levels of mito-
chondrial translation and respiration [36]) suggests a putative
mitochondrial target for kaliocin-1. This result supports our
previous observation indicating a relationship between mito-
chondrial function in yeast and the antimicrobial activity of
kaliocin-1 (Andrés, M.T., Viejo-Díaz, M., and Fierro, J.F., un-
published data) and lactoferrin [18]. Furthermore, these data
corroborate our prior finding of a loss of the mitochondrial
membrane potential in Candida albicans upon exposure to
kaliocin-1 (Andrés, M.T., Viejo-Díaz, M., and Fierro, J.F.,
unpublished data). Notably, in these studies kaliocin-1 did not
lead to membrane permeabilization [18]. Taken together, these
data imply that the mechanism by which kaliocin-1 causes yeast
cell death involves a non-classical process that may be mediated
by loss of mitochondrial function. A similar mechanism has
been demonstrated as the means by which the salivary histatin 5
exerts its antifungal activity [37]. Finally, the present findings
also reinforce our hypothesis that certain antimicrobial peptides
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diating primordial cellular interactions leading to the emergence
of eukaryotes. Studies are ongoing to further investigate the
interaction between MIF-2 and kaliocin-1, and to determine the
mechanism by which kaliocin-1 exerts its antimicrobial activity.
5. Summary and prospectus
The current findings provide important new insights into
structure–target correlates of antimicrobial activity peptides
derived from larger host defense proteins. The presence of a
γ-core motif in kaliocin-1 offers a structural basis for its direct
antimicrobial activity without iron-binding capability. Thus, the
fact that kaliocin-1 is a synthetic peptide derived from human
lactoferrin has important implications for modular configurations
of larger transferrin proteins that facilitate multiple functions in
antimicrobial host defense [38,39]. The observation that kaliocin-
1 andmost transferrin family proteins contain levomeric iterations
of the γ-core signature predominantly seen in invertebrate
antimicrobial peptides provides an intriguing window into
potential ancestry of molecules conferring direct microbicidal
and indirect (iron-binding) roles in antimicrobial host defense.
Finally, the finding that kaliocin-1 interacts relatively specifically
with mitochondrial protein MIF-2 suggests a putative structure–
target relationship for γ-core polypeptides that merits further
exploration. These and related investigations are ongoing in our
laboratories.
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